Introduction
International trade in agricultural and food products has been promoted by the expansion of trade in the global economy, and these products are now widely sold around the world. 1 Geographical indicators for products are useful in that they help consumers in their selections. Consumers are interested in agricultural and food products of high quality and with clear labeling of geographical origin and/or raw material. Many consumers believe the information provided on product labels is genuine, and therefore purchase the product based on this information.
Additionally, many countries provide legal protection for their agricultural and food products based on geographical indicators. 2 The prices for agricultural and food products generally differ depending on country of production. Domestic agricultural and food products are more expensive than imported ones in Japan, possibly because of patriotism and high confidence in the quality and safety of domestic products. Some producers supply agricultural and/or food products with false labeling of their geographical origin and/or raw materials to obtain unfair profits. Labeling agricultural and food products with false information about the geographical origins and/or raw materials is detrimental to consumers and legitimate producers. Thus, it is important to confirm the authenticity of the label information.
Onions (Allium cepa L.) are produced in many countries and are a widely used, popular vegetable. In Japan, the amounts of domestic onion production and imports in 2012 were 941722 t and 342293 t, respectively. 3, 4 Approximately 25% of the onions supplied to the Japanese market are imported, and China supplies 78.7% of the total imported amount. In 2012 -2013, there was evidence to suggest that onions of Chinese origin had been sold as onions of Japanese origin using false geographical indicators. However, various other agricultural products are also imported from China and domestic agricultural products are generally more expensive than products imported from China. Therefore, it is necessary to distinguish between agricultural products of Japanese and Chinese origin. Some analytical methods for tracing the geographical origins of agricultural and food products have been reported. 5 The geographical origins of rice, tomato, and potato were determined by elemental composition analysis using inductively coupled plasma mass spectrometry (ICP-MS). [6] [7] [8] Similarly, varieties of wine, olive oil, and gadoid fish species were identified by DNA analysis using polymerase chain reaction. [9] [10] [11] Light element stable isotope ratio analysis is also a useful technique for distinguishing geographical origins, [12] [13] [14] because isotopic fractionation varies depending on the ecosystem. 15, 16 Confirmation of the authenticity of the geographical origin of onions was mainly performed using ICP-MS analysis. [17] [18] [19] These methods can accurately discriminate the geographical origin of onions using elemental compositions. Confirmation of the results of elemental composition analysis by alternative methods would improve the technique and potentially lead to improved determination of the geographical origin of onions.
Strontium (Sr) is a divalent alkaline earth element that exists widely in mineral deposits and has four naturally occurring isotopes, 84 21 Recently, various analytical methods for confirming the authenticity of the geographical origin of agricultural and food products using the 87 Sr/ 86 Sr ratio have been reported. [22] [23] [24] [25] [26] Strontium isotope ratio analysis is a useful technique to determine the geographical origin of agricultural products as an ecosystem tracer. 21 Additionally, it was reported that the Sr content in agricultural products of Japanese origin was lower than in products of Chinese origin. 22, 25 The aim of the current study was to develop the technique for distinguishing the geographical origins of agricultural products from Japan and China by analyzing the 87 Sr/
86
Sr ratio and Sr content. As there are many onions imported from China each year, the onion was chosen as a representative product for the current study. Onions are also imported into Japan from the United States of America (USA), Australia, New Zealand, and Thailand, 4 so the 87 Sr/ 86 Sr ratios and Sr contents of onions from these countries were also measured. A linear discriminant analysis (LDA) and a logistic regression analysis (LRA) were used to classify onions produced in Japan from those produced in the other countries, and those discriminant equations derived were evaluated with 10-fold cross validation and compared. The analyses for 87 Sr/ 86 Sr ratio and Sr content were performed using a multi-collector ICP-MS (MC-ICP-MS) and an ICP-MS, respectively.
Experimental

Samples and chemicals
The numbers of onion samples from Japan and the other countries were collected according to the amount produced by each region and the amount imported from each production country. 3, 4 The onion samples from each region or country were prepareded using these collected samples. The 64 Japanese onion samples were purchased from agricultural cooperative associations and producers. The 75 imported onion samples were purchased from importers and processors. The weight of each onion sample collected was 10 -20 kg. The production regions of Japanese onions (and the number of samples in parentheses) were: Hokkaido (30), north Japan; Saga (12), southwest Japan: Hyogo (9), west Japan; Aichi (4), central Japan; Nagasaki (2), southwest Japan; and seven regions with a small amount of production (1 sample from each region for a total of 7), Gunma, Tochigi, Kanagawa, Osaka, Kagawa, Ehime, and Kumamoto (Fig. 1a) . The producer countries (the number of samples) of imported onions were: China (50), USA (16), Australia (4), New Zealand (3), and Thailand (2). The production regions of Chinese onion (the number of samples) were: Yunnan (6), south China; Henan (1), central China; Jiangsu (4), central east China; Shandong (18) , central east China; and Gansu (21), north China (Fig. 1b) . Chinese onions are imported throughout the year. The production regions of the onions imported from the USA, Australia, and Thailand were Washington state, Tasmania (Launceston and Devonport), and Chiang Mai, respectively, while those for New Zealand were Auckland and Hawke's Bay, Northern Island. The reasons for importing from only one production region in each country include the following. Onions from the USA are imported in October -March when Japanese onions are not produced, and Australian, New Zealand and Thai onions are imported in March -April when the amount of onions imported from the USA decreases. The Japanese market share for these onions together is more than 99.9%. 3, 4 Accuracy of the Sr analysis was confirmed using a certified reference material (CRM) from Seishin Trading Co., Ltd (Hyogo, Japan), NIM-GBW10015 (spinach 87 Rb and the other interfering substances were prepared with strong acid cation exchange Fig. 1 Main production regions of onion in Japan (a) and production regions for imported onion from China (b). Sub-main production regions: 1, Tochigi; 2, Gunma; 3, Kanagawa; 4, Osaka; 5, Kagawa; 6, Ehime; 7, Kumamoto.
resins (AG50W X8; 200 -400 mesh, H + form, Muromachi Technos, Tokyo, Japan) as reported by Kawasaki et al. 22 The resin (100 g) was suspended in 100 ml of 6 mol L -1 HCl and packed into a polypropylene chromatographic column (minicolumn S; 5 mm i.d., 120 mm length, Muromachi Technos) with slurry-packing up to 42 mm.
Apparatus
Strontium isotope ratio analysis was performed using a double-focusing MC-ICP-MS (Neptune plus, Thermo Fisher Scientific Inc., Bremen, Germany), and the instrument settings and data acquisition parameters are shown in Table 1 . The sample solutions were introduced into the plasma at a flow rate of 100 μL min -1 using a PFA-nebulizer connected with a desolvating nebulizer system (Aridus II, CETAC Technologies, Nebraska, USA). Each Sr isotope measurement was performed by static collection, involving seven Faraday collectors connected to 10 11 Ω amplifiers and carried out at low mass resolution. The amplifier gains were calibrated daily and the detector baselines were measured in each analytical batch. A virtual amplifier technique was used to eliminate potential amplifier bias. Before analysis, the NIST-SRM 987 solution was repeatedly analyzed with each analysis sequence until stable values were measured. Furthermore, the NIST-SRM 987 solution was analyzed two times in intervals of 10 samples. The mass bias of the measured data was corrected to determine the correct isotope ratio. The analysis of Sr content in onions was performed at m/z 88 using an ICP-MS (820-MS, Varian, Mulgrave, Australia), and the instrument settings and data acquisition parameters are shown in Table 2 .
Sample preparation
Two onions were randomly chosen from each onion sample, and the outer tunic and root part that were obtained by slicing 1 cm above the basal plate of the onion were discarded. The treated bulbs were individually cut into small portions with a cleaned plastic knife, and then dried at 80 C for 24 h. The dried small portions from one onion were milled using a mortar and pestle and stored in a 50-mL polypropylene tube until acid digestion.
A sample or CRM (0.5 g) was accurately weighed into a 100-mL Teflon (polytetrafluoroethylene, PTFE) beaker with a Teflon (PTFE) lid and 10 mL HNO3 was added. The sample was covered with the lid and then heated at 130 C for 4 h on a hot plate. After the sample was cooled down to room temperature, 2.5 mL HClO4 was added. The sample was again covered and heated at 250 C for 15 h, and then dried. Blanks were included with each set of digestions. The residue was dissolved in 5 mL of 1% HNO3 and transferred to a 50-mL volumetric Teflon tube three times. The solution was made up to 50 mL with 1% HNO3 after the addition of 0.5 mL of the In internal standard solution (500 μg L -1 ). The contents of the 50-mL tube were filtered through a hydrophilic PTFE cartridge filter (0.45 μm, DISMIC 25HP045AN; Advantec, Tokyo, Japan) and Sr in the filtrate was analyzed by ICP-MS. Strontium content in the onion samples were expressed as means (mg kg -1 ) on a dry weight basis. A volume of filtrate containing 150 ng of Sr was measured into a 100-mL Teflon beaker and heated at 200 C until completely dry. The residue was dissolved in 1.5 mL of 2 mol L -1 HCl, transferred to a 2-mL polypropylene centrifuge tube, and centrifuged for 5 min at 3000g. The centrifuged sample in the 2-mL tube was purified using the column treatment as described below.
The column treatment for
87 Sr/ 86 Sr analysis The prepared column was cleaned twice with 5 mL of 6 mol L -1 HCl and conditioned with 5 mL of 2 mol L -1 HCl. One milliliter of sample was loaded onto the column and 7 mL of 2 mol L -1 HCl was passed through to remove interfering substances. Subsequently, Sr was eluted with 2 mL of 6 mol L -1 HCl. The fraction that included Sr was evaporated to dryness at 80 C and dissolved in 1.0 mL of 3% HNO3, and then measured by MC-ICP-MS.
Analysis precision
The Sr and Sr analyses, a precision study was performed using four onion samples (two Japanese and two Chinese onions). The precision parameters of the analysis values were shown as the standard deviations for repeatability (SDr) of duplicates and the standard deviations for reproducibility (SDR) between days (five days).
Statistical analysis
The Sr/ 86 Sr ratios of onions from different countries were compared using the SteelDwass test. LDA, which is an effective technique to determine geographical origin based on multi-analytical data, 17, 18 and LRA, which does not require the normal distribution of explanatory variables, were performed to classify onions between those produced in Japan and those produced in other countries using the 87 Sr/ 86 Sr ratios and Sr contents of onions. Evaluations for the discriminant equations derived from LDA and LRA were carried out using a 10-fold cross validation. The Tukey test was used for comparisons among the production regions for onions produced in Japan and for comparisons of those produced in China. All statistical analyses were performed with EZR (Saitama Medical Center, Jichi Medical University), which is a graphical user interface for R (The R Foundation for Statistical Computing). More precisely, it is a modified version of the R commander designed to add statistical functions frequently used in biostatistics.
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Results and Discussion
Strontium isotope ratio and content for onion
For the onion model samples of Japanese, Chinese, USA, Australian, New Zealand, and Thai origins, the 87 Sr/ 86 Sr ratios and Sr contents are shown in Table 3 and Fig. 2 Sr range of 0.70577 -0.70927. There were no data for the rice of Hokkaido, Kanagawa, Osaka, and Saga origins in the report of Kawasaki et al. 22 The volcanic rock in Hokkaido, which is a region that accounts for more than half of the total domestic onion production, 3 has a lower 87 Sr/ 86 Sr ratio than the volcanic rock in Honshu. 30 The onion production region in Odawara, Kanagawa is located on quaternary volcanic residues in the Fuji, Hakone and Izu areas (Fig. 3) Sr ratios, including Saga, Hyogo, Aichi, Osaka, Ehime, and Kumamoto, are situated west of the Itoigawa-Shizuoka Tectonic Line (Fig. 3 ) that divides the Japanese island arc into two geological regions. The 87 Sr/ 86 Sr ratio of rock to the west of the Itoigawa-Shizuoka Tectonic Line was generally higher than the ratio of rock to the east of the line. 31 Aichi, the production region of onions with a wide 87 Sr/ 86 Sr range, was included in the west of the line. Bedrock in Osaka (Kishiwada), Hyogo (Awaji-shima), and Ehime (Ozu), which are onion production regions, were classified in the "Kuma and Ishizuchi Groups" and the "Ryoke Belt" (Fig. 3) by their geology, and the 87 Sr/ 86 Sr ratio of rock in these areas For agricultural products, brown rice and cabbage of Chinese origin had 87 Sr/ 86 Sr ratios of 0.708 -0.713 (n = 50) and 0.710585 -0.714569 (n = 60), respectively. 24, 25 Also, the 87 Sr/ 86 Sr ratio of karst water in Shentou, north China, ranged between 0.7102 and 0.7107. 35 Thus, the 87 Sr/ 86 Sr ratio of agricultural products and water of Chinese origin ranged between 0.708 and 0.714569 and the 87 Sr/ 86 Sr ratios of onions of Chinese origin were within this range except for 6 of 100 onion samples. These six onion samples were produced in Shandong, Jiangsu, and Yunnan and had a 87 Sr/ 86 Sr ratio larger than 0.714569. Onions from the USA (Washington) had a wide range of 87 Sr/ 86 Sr ratios, from 0.70650 to 0.71324 ( 25 Strontium content in onions from China, USA, and Thailand were higher than the Sr content in Japanese onions (Table 3) and these results were similar to the Sr content in rice reported by Ariyama et al. 25 Strontium content in Australian and New Zealand onions were similar to those for Japanese onions ( Table 3) .
The 87 Sr/ 86 Sr ratio and Sr content of onions between the main production regions in Japan and between the production regions of onions imported into Japan from China are shown and compared in Table 3 . For Japanese onions, the data sets for the 87 Sr/ 86 Sr ratio were significantly different (p < 0.05) between Hokkaido-Saga, Hokkaido-Hyogo, Hokkaido-Nagasaki, SagaHyogo, and Hyogo-Aichi, and for the Sr content, it was significantly different between Hokkaido-Saga. Onions from the Hokkaido region could be discriminated from onions from other production regions in Japan by the Sr content values, which agreed with the 87 Sr/
86
Sr ratios of volcanic rock in the region. 30 For Chinese onions, the data sets for 87 Sr/ 86 Sr ratio that were significantly different (p < 0.05) were between GansuYunnan only, and for Sr content were between ShandongYunnan and Gansu-Yunnan. In China, both the 87 Sr/
Sr ratio and Sr content of onions were different between northern (Gansu) and southern (Yunnan) regions. Thus, both the 87 Sr/ 86 Sr ratio and Sr content of the soil and/or geology in China were thought to be higher in the northern region compared with the southern region.
Classifying onions of different geographical origins
The discrimination model for classifying onions of different origin was conducted using the ) that an onion sample is estimated as having Japanese origin, derived from LRA was expressed as a discrimination score (DS) in the current study, and the discriminant equations were as follows: Sr ratios and Sr content for DS 1 were 252 and 16, respectively, and likelihood ratio statistics of those for DS 2 were 138 and 11, respectively. Thus, for classification of onions from Japan and other countries, the 87 Sr/ 86 Sr ratio was shown to be more effective than the Sr content. When the calculated discrimination score for a sample was positive, the sample was designated as having Japanese origin, and when the score was negative, the sample was designated to be from another country. The classifications of onion samples calculated from DS 1 and DS 2 were 92 and 91% accurate for all samples, respectively (Table 5 ). When either DS 1 or DS 2 equation was used, all of the Chinese onion model samples were classified correctly as non-Japanese origin. Additionally, with DS 1, all of the Japanese onion model samples were classified correctly as Japanese origin, and using DS 2, 7 of 128 Japanese onion model samples were classified incorrectly as onions of non-Japanese origin. For onions from countries other than China, 22 and 18 of 50 model samples were classified as onions of Japanese origin by DS 1 and DS 2, respectively ( Table 5 ). The results of the 10-fold cross validation to validate those discrimination models are shown in Table 5 and agreed with the classifications obtained from the discrimination score. The results confirmed the validity of those discrimination models. For the aim of the current study, LDA correctly classified all of Japanese and Chinese model samples as either Japanese or non-Japanese origin, respectively, and was thus thought to be more effective than LRA. Linear discriminant analysis needs a normal distribution of explanatory variables. However, in the current study, the validity of the discrimination model derived from LDA was confirmed using the 10-fold cross validation. Therefore, even if an explanatory variable did not follow a normal distribution, LDA might be an effective model for conducting the discrimination between two groups.
Accuracy and precision of the analytical values
Accuracy of the 87 Sr/ 86 Sr ratios and Sr content, values obtained from samples were confirmed using NIST-SRM 987 and CRM standards, respectively. The 87 Sr/ 86 Sr ratio of NIST-SRM 987 solution during the period of data acquisition analyses in the current study ranged between 0.71025 and 0.71028 (n = 62), with a corresponding standard deviation of 0.00002. The 87 Sr/ 86 Sr ratios obtained were thought to be within the range (0.710254 ± 0.000030) corrected by the method applied by Liu et al., 41 and were also within the recommended value of 0.71034 ± 0.00026 by NIST. Mean Sr content values measured five times on separate days at the same laboratory using CRM and the corresponding standard deviation were 83.7 and 0.93 mg kg -1 , respectively, and were within the certified value (87 ± 5 mg kg -1 ). From these results, it was confirmed that the 87 Sr/ 86 Sr ratio and Sr content of onions in the current study were accurate.
The results of the precision study are shown in Table 6 . For Japanese onions, the 87 Sr/ 86 Sr ratios and Sr content ranged from 0.70561 to 0.70574 and 2.3 to 3.2 mg kg -1 , respectively. The corresponding SDr and SDR for the 87 Sr/ 86 Sr ratios were similar and ranged from 0.00003 to 0.00019 and for the Sr content were similar and ranged from 0.02 to 0.09 (Table 6 ).
The corresponding values for Chinese onion were 0.71161 -0.71417 and 9.1 -10.8 mg kg -1 , respectively, and the corresponding SDr and SDR for the 87 Sr/ 86 Sr ratio ranged from 0.00001 to 0.00004 and for the Sr content ranged from 0.02 to 0.28 (Table 6 ). The uncertainties for the 87 Sr/ 86 Sr ratio and Sr content of onion samples obtained from this precision study ranged from 0.001 to 0.027% and 0.2 to 2.7%, respectively, as relative standard deviation (RSD) for reproducibility over five days. The rice samples reported by Ariyama et al. 25 were measured using an ICP-MS with a single collector, so the RSDs of the 87 Sr/ 86 Sr ratio and Sr content were 0.036 and 7.9%, respectively. Accuracy and precision of sample analysis for using an ICP-MS with seven collectors in the current study was very high.
Conclusions
To develop the analytical technique for discriminating the geographical origin of agricultural products, an examination was performed using the 87 
Sr/ 86
Sr ratio and Sr analyses. We conducted a discrimination model to differentiate between onions from Japan and other countries. The classification of the onion model samples by LDA was 92% accurate, and all of the Japanese and Chinese onion model samples were classified correctly as Japanese or non-Japanese origin. A 10-fold cross validation was carried out to validate this discrimination model and the result agreed with the classifications obtained from the discrimination model. Therefore, this discrimination model was able to confirm the geographical origin of onions with 92% accuracy.
We developed a method for classifying the geographical origin of onions using the 87 Sr/ 86 Sr ratio and Sr analysis. Sr ratio: strontium isotope ratio, Sr: strontium. a. Dry weight basis. SDr: standard deviations for repeatability of duplicates, SDR: standard deviations for reproducibility over five days.
